mtCLIC/CLIC4 (referred to here as mtCLIC) is a p53-and tumor necrosis factor alpha-regulated cytoplasmic and mitochondrial protein that belongs to the CLIC family of intracellular chloride channels. mtCLIC associates with the inner mitochondrial membrane. Dual regulation of mtCLIC by two stress response pathways suggested that this chloride channel protein might contribute to the cellular response to cytotoxic stimuli. DNA damage or overexpression of p53 upregulates mtCLIC and induces apoptosis. Overexpression of mtCLIC by transient transfection reduces mitochondrial membrane potential, releases cytochrome c into the cytoplasm, activates caspases, and induces apoptosis. mtCLIC is additive with Bax in inducing apoptosis without a physical association of the two proteins. Antisense mtCLIC prevents the increase in mtCLIC levels and reduces apoptosis induced by p53 but not apoptosis induced by Bax, suggesting that the two proapoptotic proteins function through independent pathways. Our studies indicate that mtCLIC, like Bax, Noxa, p53AIP1, and PUMA, participates in a stress-induced death pathway converging on mitochondria and should be considered a target for cancer therapy through genetic or pharmacologic approaches.
Apoptosis is a form of programmed cell death that enables organisms to eliminate unwanted cells through a tightly controlled process. Acquisition of resistance to apoptosis participates in the development of neoplasia (20) , since cells with damaged DNA, karyotypic abnormalities, or an aberrant cell cycle (1, 29) are not eliminated. Furthermore, alterations in genes involved in the initiation or execution of apoptosis will render tumor cells resistant to drug treatment (46) . The tumor suppressor protein p53 plays a central role in the elimination of cells with unregulated mitotic potential or DNA damage (9, 30, 42) . p53 contributes to genomic stability by sensing DNA damage in cells and subsequently inducing growth arrest or apoptosis (5, 38) . Missense mutations in the p53 gene found in tumors are mainly localized to its DNA-binding domain, resulting in a protein that fails to bind DNA in a sequencespecific manner (32) . This finding suggests an important role for p53 transcriptional activity in its tumor suppressor function. The proapoptotic protein Bax is a target for p53 transcription (33) , and recently several other p53-regulated genes involved in apoptosis were reported (3, 41, 47, 50) . p53-regulated genes localized to mitochondria, i.e., those for Noxa (36) , p53AIP1 (37) , and PUMA (34, 58) , were recently implicated in the apoptotic response. p53 can also induce apoptosis in a transcription-independent manner, as exemplified by apoptosis induced by p53 mutants that cannot transactivate or by wild-type p53 in the presence of inhibitors of RNA and protein synthesis (5) .
Mitochondria are key organelles that integrate apoptotic signals in damaged cells (18) . Apoptotic signals cause selective mitochondrial membrane permeabilization (29) ; consequent changes in pH; generation of reactive oxygen species; release of caspase activators, procaspases, Smac/Diablo, and apoptosis-inducing factor; and depletion of ADP and ATP (7, 24, 29) . Apoptosis mediated by p53 involves mitochondrial changes (48) , and specific effector proteins engaged in the process are currently being recognized. mtCLIC/CLIC4 (referred to here as mtCLIC), a p53-and tumor necrosis factor alpha-regulated intracellular chloride channel protein that localizes to the cytoplasm and the mitochondria in skin keratinocytes, was previously characterized (15) . The subcellular localization of mtCLIC is variable in other cell types (6) and, to date, no biological function has been identified for mtCLIC. We now report that mtCLIC is upregulated in the apoptotic responses to p53 and DNA damage. Direct overexpression of mtCLIC induces apoptosis, and mtCLIC cooperates with Bax in the induction of cell death. Furthermore, suppression of mtCLIC upregulation prevents the apoptotic response to elevated p53 levels. Thus, mtCLIC is a newly identified effector of apoptosis that is capable of altering mitochondrial function, leading to caspase activation and cell death, and that may also be involved in p53 function as a tumor suppressor. cells per 60-mm dish, 7 ϫ 10 6 cells per 100-mm dish, and 15 ϫ 10 6 cells per 150-mm dish, respectively. Cultures were maintained in Eagle's minimum essential medium without Ca 2ϩ (Bio-Whittaker) but with 8% Chelex-treated fetal bovine serum (Gemini Bio-Products), 0.05 mM Ca 2ϩ , and 20 U of penicillinstreptomycin (Gibco) ml Ϫ1 . Cell line SP1, derived from a chemically induced mouse skin papilloma (52) , was cultured in the medium described above. The nontumorigenic S1 cell line was derived from normal mouse keratinocytes and maintained in the medium described above but supplemented with keratinocyte growth factor. p53-null keratinocytes (line AK1b) (4) were maintained in medium consisting of 16% fibroblast-conditioned Eagle's minimum essential medium with 8% Chelex-treated serum and 0.05 mM Ca 2ϩ . The p53 Tet-On Saos-2 cell line (45) and the Bax Tet-On Saos-2 cell line (40) were generous gifts from Kevin Ryan and Karen Vousden, National Cancer Institute. The cells were maintained in Dulbecco's modified Eagle's medium (Bio-Whittaker) with 8% fetal bovine serum (Gemini) and 20 U of penicillin-streptomycin ml Ϫ1 . Induction of the regulated genes was achieved by treating the cells with doxycycline at a final concentration of 800 ng/ml. The Bax sequence is tagged with a p53 epitope recognized by antibody DO-1 (see below). Cells were treated with etoposide or adriamycin (both from Sigma) in culture medium at various concentrations and times.
Plasmids. The cloning of mtCLIC and the construction of the pEGFP-N1 (GFP-mtCLIC) and pEGFP-C1 (mtCLIC-GFP) fusion vectors have been described elsewhere (15) . The mtCLIC open reading frame was also cloned in the pCR3.0 vector (Invitrogen) in the sense and antisense orientations and sequenced. The plasmid expressing the green fluorescent protein (GFP) spectrum was obtained from Clontech, Palo Alto, Calif., and used as a transfection control and cotransfection marker for fluorescence-activated cell sorter (FACS) analysis.
Antibody generation, immunoprecipitation, and Western blot analysis. Polyclonal antibodies generated against the N-terminal and C-terminal peptides of mtCLIC have been described elsewhere (15) . The polyclonal sera were purified through a protein A column (Pharmacia) following manufacturer specifications and dialyzed in borate buffer. The polyclonal sera were also affinity purified against the immunogenic peptides at the Core Facility of the Frederick Cancer Research and Development Center.
Protein expression was analyzed by Western blotting. Cells were washed and then gently scraped into radioimmunoprecipitation lysis buffer.Thirty micrograms of protein was separated by 10 or 12% polyacrylamide gel electrophoresissodium dodecyl sulfate and transferred to nitrocellulose membranes. In some experiments, subcellular fractions were isolated as described previously (15) . Antibodies against the N terminus and the C terminus of mtCLIC were used at 1:1,000 and 1:4,000 dilutions, respectively. A goat anti-rabbit horseradish peroxidase conjugate (Bio-Rad) was used as a secondary antibody. Monoclonal antibodies directed to murine p53 were raised as culture supernatants from the mouse hybridoma cell line PAb122 (19) . Antibody DO-1 to a p53 sequence tag on Bax was from Oncogene, anti-␤-actin mouse polyclonal antibody was from Boehringer Mannheim, and anti-cytochrome c antibody was from BD PharMingen. Blots were developed with enhanced chemiluminescence and SuperSignal chemiluminescence substrates (Pierce).
Immunoprecipitation was performed as follows. Cells were washed with cold phosphate-buffered saline (PBS) and lysed in 50 mM Tris buffer containing 150 mM NaCl, 1.5 mM MgCl 2 10% glycerol, 1% Triton X-100, 5 mM EGTA, 20 M leupeptin, 10 g of aprotinin/ml, 1 mM phenylmethylsulfonyl fluoride, 200 M NaVO 3 , and 10 mM NaF. Lysates were precleared with protein G/A PLUSagarose beads and incubated with the desired primary antibody at 4°C for 2 h before overnight incubation with protein G/A PLUS-agarose beads at 4°C. Beads were washed in radioimmunoprecipitation buffer, centrifuged, resuspended, and boiled prior to electrophoresis.
Electron microscopy. S1 cells transfected with mtCLIC-GFP or GFP were fixed with 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2), postfixed with 1% osmium tetroxide in the same buffer, treated with 2% aqueous uranyl acetate, dehydrated in a graded ethanol series, and embedded in EMbed 812 epoxy resin (Electron Microscopy Sciences). Sections (60 to 80 nm) were stained with uranyl acetate and lead citrate. All grids, including those with the immunolabeled specimens described below, were examined with a Zeiss EM902 microscope at 80 kV.
Immunogold labeling. Cryosections were prepared and labeled by a modification of the Tokuyasu technique (39) . Briefly, HACAT cells were fixed with 2% formaldehyde-0.2% glutaraldehyde, infiltrated with 2.3 M sucrose, and frozen in liquid nitrogen. Frozen sections were cut, mounted on Formvar-carbon-coated grids, blocked on drops of 1% bovine serum albumin in PBS, and then incubated with the antibody against the C-terminal domain of mtCLIC. Labeling was visualized with 6-nm gold particles coupled to protein A (Aurion) diluted to an A 520 of 0.05. After extensive washing with PBS, sections were fixed with 1% glutaraldehyde and embedded in 1.8% methylcellulose-0.4% uranyl acetate. Each labeling experiment was accompanied by a control in which an unrelated rabbit polyclonal antibody (51) was used instead of the anti-mtCLIC antibody. The dilution of the control antibody was such that it produced robust labeling when the corresponding antigen was present.
RNA isolation, Northern blot hybridization, and reverse transcription (RT)-PCR. Total RNA was isolated from cultured cells by Trizol extraction. RNA was resolved by formaldehyde-agarose gel electrophoresis and blotted as previously described (57) . A 300-bp DNA fragment for mtCLIC was amplified from the pCRII vector by using M13 amplification primers. cDNA probes were radiolabeled with 32 P (Lofstrand) and hybridized to the blots as described previously (57) . Bands were quantified by using a PhosphorImager (Molecular Dynamics). Loading equivalence was assessed on the basis of the 28S band or by reprobing blots for glyceraldehyde-3-phosphate dehydrogenase.
p53 Tet-On Saos-2 cells were grown to mid-log phase, treated with doxycycline (800 ng/ml), and collected at different time points. Approximately 0.5 g of purified RNA was used to generate first-strand cDNA by RT with Superscript II (Gibco). Aliquots of the synthesized cDNA were used as a template in a PCR with Supermix (Gibco). The mtCLIC-specific primer set (5Ј-TTCCCCTTCATT TAAACACCTTT-3Ј and 5Ј-TGCTATCTACATGCAACTCTGGA-3Ј) and the 18S gene-specific and Competimer primer set (Ambion) were mixed at a 2:8 ratio. PCR was performed for 30 cycles, and the PCR-amplified set (18S internal control, 550 bp; mtCLIC, 450 bp) of DNA fragments from each time point was analyzed on 4% agarose gels containing ethidium bromide.
Construction of a SEAP reporter vector containing the human mtCLIC promoter. The human mtCLIC cDNA sequence was used as a query to search the public human genome database (National Center for Biotechnology Information, Bethesda, Md.), and the 5Ј region upstream from the known 5Ј untranslated region of mtCLIC was identified in the human contiguous AL445648.10 segment. From the identified sequence, the putative transcription start site was determined by using web-based bioinformation programs (Pedro's Biomolecular Research Tools). Specific primers and purified genomic DNA from cultured human foreskin keratinocytes were used to amplify by PCR a 3.5-kb DNA fragment that corresponded to the promoter sequence upstream from the putative transcription start site. Two separate sets of primers and the 3.5-kb DNA fragment were used to amplify by PCR 1.5-kb (PmtCLIC A/B) and 1-kb (PmtCLIC C) DNA fragments containing the putative p53-binding sites (TF-Bind and TF-Factor). These two fragments were cloned into the pGEM-T Easy vector (Promega, Madison, Wis.) and then further subcloned into the pSEAP-basic reporter vector (Clontech) by ligating the EcoRI-digested DNA fragment from the pGEM-T Easy plasmid to the EcoRI-digested reporter plasmid. The orientation of the promoters was determined by restriction and sequencing analyses. A positive control vector was constructed by ligating a BamHI/SalI-digested secreted embryonic alkaline phosphatase (SEAP) insert from the pSEAP-basic reporter vector to the BamHI/SalI-digested pp53-TA-Luc vector and was confirmed by restriction and sequencing analyses. Reporter vectors were transfected into p53 Tet-On Saos-2 cells, and expression in transfectants was determined in the presence or absence of doxycycline. The expression of SEAP driven by PmtCLIC A/B and PmtCLIC C promoter activity was measured with a Great EscAPe SEAP chemiluminescence detection kit (Clontech) as described by the manufacturer.
Transfection. Transfection of the GFP-mtCLIC fusion vectors or the pCR3.0 plasmids into primary BALB/c keratinocytes and SP1 and S1 cell lines was performed by using Lipofectamine Plus reagent (Gibco). Briefly, cell lines were plated 2 days before transfection at a density of 3 ϫ 10 5 cells per 60-mm dish, and primary cells were plated 2 to 3 days before transfection at 3 ϫ 10 6 cells per 60-mm dish. Cells were transfected with 4 g of plasmid DNA (per dish) in serum-free medium that was replaced after 3 h with culture medium. Transfected cells were visualized with an inverted fluorescence microscope (Zeiss). With this approach, transfection efficiencies were 60 to 70% in cell lines and 20 to 30% in primary cultures. p53 Tet-On Saos-2 cells were transfected with Lipofectamine Plus reagent by using an empty adenovirus carrier (49) .
Apoptosis assays and FACS analysis. Primary keratinocytes and SP1 and S1 cells transfected with the GFP fusion constructs mtCLIC-GFP and GFP-mtCLIC and with GFP plasmids or cotransfected with GFP and mtCLIC plasmids were analyzed by flow cytometry on a FACSCalibur instrument (Becton Dickinson). At various times after transfection, cells were trypsinized and collected in 1 ml of medium. All samples were assayed in the presence or absence of propidium iodide (PI) at a final concentration of 0.5 g/ml. In a live-cell suspension, only cells with damaged membranes (dying cells) will take up PI. Double-color analysis was carried out on all samples. Similar results were obtained with cotransfection or transfection of fusion plasmids.
Z-VAD-FMK.
Keratinocytes transfected with the fusion proteins described above were treated with Z-VAD-FMK (Enzyme Systems Products) at a concentration of 40 M. In one group, the caspase inhibitor was added immediately after the transfection medium was removed; in a second group, Z-VAD-FMK was added 24 h after removal of the transfection medium. Cells were analyzed by flow cytometry 48 h after transfection.
Annexin V. Transfected cultures were analyzed for the presence of cell surface annexin V as a measure of apoptotic death. Briefly, cells were trypsinized 24 and 48 h after transfection, centrifuged, and incubated with a biotin-conjugated antibody against annexin V (Genzyme). Cells were then washed and fixed in 10% neutral buffered formalin for 10 min. Fixed cells were incubated with allophycocyanin-streptavidin (Becton Dickinson) diluted in 1ϫ binding buffer and analyzed by flow cytometry.
Mitochondrial membrane potential. Transfected cells were trypsinized, resuspended in medium, and incubated for 30 min with Mitotracker. Samples were read immediately in the red and green channels in the flow cytometer. Analysis was performed by gating GFP-transfected cells.
PI staining. Cells transfected with mtCLIC sense and antisense plasmids together with the GFP spectrum plasmid were trypsinized and fixed in cold 70% ethanol. Samples were kept at Ϫ20°C for at least 18 h. Cells were then pelleted, and 1 ml of PBS-Tween was added. After a second centrifugation, cells were treated with RNase A for 30 min, and 500 l of PI (50 g/ml) was added before flow cytometric analysis. The presence of the sub-G 1 peak in gated green cells was used as a measure of apoptosis.
MTT assay. Cell viability was assessed by the methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay (Promega) following manufacturer instructions.
RESULTS
DNA damage in keratinocytes increases mtCLIC protein expression. Treatment of normal and neoplastic keratinocytes with the DNA-damaging agent etoposide induces apoptosis. Morphological changes can be observed 24 h after treatment with 5 to 15 M, with the full onset of apoptotic characteristics (bleb formation, nuclear condensation, and detachment) being visible 48 h after treatment. At higher doses, apoptosis occurred earlier. mtCLIC protein expression was upregulated following treatment with etoposide in normal (Fig. 1A) , tumorderived (Fig. 1B) , and p53-null (Fig. 1C) keratinocytes. Upregulation occurred before apoptotic bodies could be detected, suggesting a role for mtCLIC in the induction of apoptosis. Similar results were obtained with adriamycin treatment (Fig.  1D) , which both induced mtCLIC and caused apoptosis in a dose-dependent pattern. Treatment with etoposide or adriamycin at all concentrations and times tested (6, 18 , and 30 h) reduced mtCLIC mRNA levels (data not shown), suggesting that upregulation of mtCLIC after etoposide damage is posttranscriptional and not dependent on p53 induction.
Overexpression of mtCLIC causes keratinocyte apoptosis that is inhibited by Z-VAD-FMK. To determine whether an increase in mtCLIC expression in keratinocytes produced a biological response, primary keratinocytes or SP1 cells were transfected with mtCLIC-GFP, GFP-mtCLIC, or GFP control constructs or cotransfected with parental plasmids as described in Materials and Methods. The fate of fluorescing cells was monitored over time by flow cytometry. The results were identical for either cell type. Cells expressing the highest levels of the fusion proteins (highest fluorescence intensity) were eliminated over 44 to 144 h, while the number of transfected cells expressing a high level of GFP did not change ( Fig. 2A) . This large decrease in the number of mtCLIC-transfected cells showing the highest level of expression correlates with an increase in the number of dying cells, as detected by PI uptake in unfixed cells at 48 h (Fig. 2B) . Thus, as cells accumulate GFPmtCLIC, viability decreases and the cells are lost from the population. Furthermore, mtCLIC-GFP-transfected cells expressing high levels of mtCLIC showed cell rounding, detachment, fragmentation, and nuclear condensation upon 4Ј,6Ј-diamidino-2-phenylindole (DAPI) staining, while most cells transfected with GFP only, with the same level of fluorescence intensity, displayed normal nuclear staining and remained attached to the substrate (Fig. 3A ). At the electron microscopic level (Fig. 3B) , mtCLIC-GFP-transfected cells exhibited typical morphological markers for apoptosis (2) . Fragmented nuclei, ruffling of the plasma membrane, and loss of tonofilaments were frequently observed in cells, while the mitochondria remained largely intact. These preparations also contained postapoptotic cells (data not shown) in a more advanced state of degeneration, with degraded nuclei and deteriorating organelles.
A total of 70 to 85% of SP1 cells expressing the GFPmtCLIC construct, but not GFP alone, became annexin V positive by 48 h after transfection (Fig. 3C) . Both groups of cells demonstrated increased annexin V staining compared to nontransfected controls at 24 h, suggesting that the transfection procedure results in a finite level of apoptosis. To determine whether apoptosis occurs through a defined pathway, the caspase inhibitor Z-VAD-FMK was added to the culture me- dium either immediately after transfection of the fusion protein (prior to expression) or 24 h later (when the fusion protein is accumulating). The addition of Z-VAD-FMK at either time prevented the loss of the population expressing a high level of GFP-mtCLIC ( Table 1 ), suggesting that the overexpression of mtCLIC leads to caspase activation. mtCLIC-induced apoptosis is associated with alterations in mitochondrial membrane potential and release of cytochrome c. Loss of mitochondrial membrane potential precedes the opening of the permeability transition pore complex, which is considered central to apoptosis. To determine whether the overexpression of mtCLIC caused mitochondrial alterations, mitochondrial membrane potential was measured after transfection of GFP or GFP-mtCLIC plasmids into SP1 cells (Fig.  4A ) and correlated with annexin V staining in the same cells (Fig. 3C) . A reduction in membrane potential could be detected by 24 h in the GFP-mtCLIC transfectants, a time preceding annexin V staining (Fig. 3C) . Further reduction was seen by 48 h, and by 72 h most of the transfected cells had lost mitochondrial membrane potential and were undergoing apoptosis. These changes in mitochondria may contribute to the opening of the permeability transition pore complex and the release of cytochrome c that were detected at 48 h in the cytoplasm of SP1 cells transfected with the fusion protein (Fig.  4C) .
To localize mtCLIC protein within the mitochondria, we performed immunoelectron microscopy on cryosections of human keratinocytes with an antibody that recognizes the Cterminal domain of this protein (Fig. 4B) . Positive labeling of mitochondria was obtained, whereas control sections incubated with an unrelated antibody (see Materials and Methods) showed a complete absence of labeling. Almost all of the gold particles labeling mitochondria were in close association with cristae or the peripheral inner membrane. A few gold particles appeared to be in the matrix, without a membrane nearby; however, in such instances, the antigen could well have been in a membrane that was cut at an oblique angle and therefore was not visible in the section. There was no significant labeling of the mitochondrial outer membrane. Outside mitochondria, labeling was much more sparse (by at least 1 order of magnitude), appeared to be cytosolic, and was not associated with any membrane-bound compartment.
Overexpression of p53 causes apoptosis involving mtCLIC upregulation. It was previously shown that overexpression of p53 in primary mouse keratinocytes by an adenovirus vector induces mtCLIC mRNA and protein (15) . This activity was associated with apoptosis (data not shown). To further analyze the relationship of p53, mtCLIC, and apoptosis, we used the Saos-2 cell line, in which p53 is regulated by a tetracyclineinducible promoter (45) . This strategy provides a controlled model, since the addition of doxycycline upregulates p53 and extensive apoptosis ensues. Figure 5 indicates that mtCLIC mRNA and protein were induced by doxycycline in a time course consistent with p53 induction (first detected at 8 h).
In order to determine whether mtCLIC is required for p53-induced apoptosis, we generated a plasmid in which the mtCLIC open reading frame was cloned in the antisense orientation. Transfection of antisense mtCLIC into p53 Tet-On Saos-2 cells suppressed doxycycline-induced mtCLIC without altering p53 induction (Fig. 6A) . Under these conditions, ap- (Fig. 6B ). These data suggest that the upregulation of mtCLIC is involved in p53-induced apoptosis. Transfection of antisense mtCLIC is lethal over time, and we have been unable to generate stable cell lines expressing this construct (data not shown). These data suggest that mtCLIC has an essential function in cells and that deprivation of mtCLIC is incompatible with cell survival. mtCLIC cooperates with Bax to induce apoptosis. Bax and mtCLIC are both regulated by p53 and share other properties, such as cytoplasmic and mitochondrial localization, putative anion channel activity, and proapoptotic function. The Bax Tet-On Saos-2 cell line (40) was transfected with plasmids encoding mtCLIC in the sense and antisense orientations. Bax expression was induced by doxycycline, and viability was assessed by morphological analysis and by the MTT assay. Bax and mtCLIC cooperated in the induction of apoptosis. As shown in Fig. 7A , the overexpression of Bax and mtCLIC together for 22 h induced extensive cell death compared with the results obtained for controls expressing GFP and Bax or mtCLIC alone. Analysis of cell viability by the MTT assay showed that the coexpression of Bax and mtCLIC caused substantial cell death after only 6 h (Fig. 7B) , while cell death above that associated with transfection was not detected in the controls. Bax (45) and mtCLIC were lethal individually by 16 h, but the combination was more lethal. Downregulation of mtCLIC by transfection of the antisense plasmid did not prevent Bax-induced apoptosis, suggesting that mtCLIC and Bax function through separate pathways and that their proapoptotic activities are additive. Similarly, these results indicate that mtCLIC levels do not influence a potential independent biological effect of doxycycline. Immunoprecipitation of lysates from cells overexpressing mtCLIC and in which Bax expression was induced failed to coprecipitate both proteins, while endogenous mtCLIC and exogenous mtCLIC were precipitated without Bax and Bax was precipitated without mtCLIC (Fig. 7C) . These studies indicated that mtCLIC and Bax cooperate in the induction of apoptosis without a physical association detectable by coimmunoprecipitation.
The region upstream of the mtCLIC gene contains functional p53-binding sites. An examination of the public human genome database for sequences in the region upstream of the human mtCLIC gene on chromosome 1 revealed three dexamers highly homologous to consensus p53-binding sites lying 2,290, 2,250, and 700 bp upstream from the transcription start site (Fig. 8) . A 3.5-kb region was cloned from human genomic DNA, and inserts from subclones containing the two distal elements (A and B in Fig. 8A ) and the proximal element (C in Fig. 8A ) were ligated into a reporter vector encoding SEAP. Reporter plasmids were transfected into p53 Tet-On Saos-2 cells, and p53 was induced by doxycycline. Figure 8B indicates that the reporters containing distal elements A and B and proximal element C were responsive to p53 induction. The level of response was below that of the positive control vector encoding two different p53 response elements (28) . However, the increase was consistent with that detected for mtCLIC transcripts in response to doxycycline treatment of p53 Tet-On Saos-2 cells. These results indicate that mtCLIC transcription is directly responsive to p53 induction, although determination of the precise contribution of each of the three elements and adjacent sequences will require additional experimentation.
DISCUSSION
Induction of apoptosis and removal of genetically damaged cells are likely to be major components of p53 tumor suppressor activity, and mtCLIC appears to be involved in these processes. mtCLIC upregulation in programmed cell death occurs through at least two mechanisms. The upregulation of mtCLIC detected after etoposide-induced DNA damage in keratinocytes is posttranscriptional and can be independent of p53, since it occurs in p53-null keratinocytes. Adriamycin also increases mtCLIC protein expression without upregulating mtCLIC mRNA. Our studies with primary keratinocytes and normal and neoplastic keratinocyte cell lines suggest that the upregulation of mtCLIC contributes to the initiation of apoptosis, since mtCLIC expression is increased in response to DNA damage before the onset of apoptotic markers. Alternatively, apoptosis resulting directly from the upregulation of p53 involves increases in both mtCLIC mRNA and mtCLIC protein expression coincident with the upregulation of p53 and is inhibited by prevention of mtCLIC upregulation with antisense suppression. In this scenario, mtCLIC appears to be a direct transcriptional target for p53, as we have identified several functional p53-binding consensus elements in the mtCLIC promoter sequences. Of likely relevance to the posttranslational upregulation of mtCLIC after etoposide-induced DNA damage is the recent report indicating that the elevation of p53 expression in the context of blocked DNA synthesis impairs the transcriptional activity of the p53 protein (17) . This is an expected consequence of etoposide treatment (53) .
Mitochondria are likely to be at least one of the critical targets for mtCLIC action, as the overexpression of mtCLIC causes the loss of mitochondrial membrane potential, the release of cytochrome c, and caspase activation. In addition, mtCLIC associates with the inner mitochondrial membrane and may complement the action of Bax on the outer membrane to enhance the apoptotic response. Together, these data imply that mtCLIC is a new component in the multifaceted pathways through which cells regulate life and death in response to environmental stress.
The mtCLIC gene belongs to a diverse set of p53-regulated genes involved in apoptosis or growth control. Several genes regulated by p53 mediate cell cycle arrest following DNA damage or stress (27) . For example, p21/WAF1 (14, 21) and GADD45 (25) participate in G 1 cell cycle arrest. A G 2 /M checkpoint may be mediated in part by 14-3-3 (23) . Likewise, p53-dependent apoptosis may involve Bax (33); PIG proteins related to oxidative stress (41); mitochondrial proteins, such as Noxa (36), p53AIP1 (37), PUMA (34, 58) , and mtCLIC; or a membrane protein, PERP (3). Induction of a combination of these proteins by p53 may result in effective induction of cell death, and each one probably can account for only part of the full apoptotic response to p53 activation. mtCLIC-mediated cell death is associated with the dissipation of mitochondrial membrane potential and the release of cytochrome c and is inhibited by Z-VAD-FMK, suggesting the involvement of caspases downstream of mtCLIC. Similarly, 
a SP1 keratinocytes at 60% confluence were transfected for 4 h with the specified plasmid constructs. After transfection, two sets of dishes were cultured in complete medium, and one set (GFP-C1/ZVAD) was cultured in complete medium containing 40 M Z-VAD-FMK. After 24 h, another set (GFP-C1/ ZVAD-24) was refed with Z-VAD-FMK-containing medium. Fluorescence was analyzed 48 h after transfection by FACS analysis, and cells were quantitated on a logarithmic scale according to the intensity of the GFP signal. Low, medium, and high each represent 1 log difference in fluorescence intensity. GFP-C1 and GFP-N1 are the parental plasmids (pEGFP-C1 and pEGFP-N1) that produce GFP. Bax (33) and the recently reported BH3-only p53-regulated Noxa (36) induce the loss of mitochondrial membrane potential and the release of cytochrome c. In Bax Tet-On Saos-2 cells, Bax and mtCLIC cooperate in the induction of apoptosis without a direct physical association. In addition, coimmunoprecipitation of Bax and mtCLIC was not detected in keratinocytes (data not shown), nor was Noxa coprecipitated with Bax in HeLa cells (36) . However, Noxa could interact with antiapoptotic members of the Bcl-2 family (36) . It remains to be seen whether mtCLIC interacts with other Bcl-2 family members, but its association with the inner mitochondrial membrane suggests that it has a mechanism of action different from that of the BH-domain family. Since p53-mediated apoptosis may occur when Bax is genetically deleted (26) and Bax is not always detected during p53-mediated apoptosis (41), mtCLIC may serve as an alternate regulator of ion flux and volume in mitochondria or other organelles. Induction of mtCLIC by etoposide and by tumor necrosis factor alpha (15) in p53-null keratinocytes suggests that mtCLIC may have a broader role in cell death pathways or stress responses through multiple independent regulatory mechanisms. mtCLIC supports a relationship for ion regulation and apoptosis. The organelle location, apparent membrane association, and putative pore-forming and ion transport activities of mtCLIC are consistent with a role for the opening of channels in mitochondrial or other intracellular membranes in the apoptotic response (18, 29) . mtCLIC belongs to a growing family of chloride channels, the CLIC family, with seven known members: p64 (31), CLIC-1 (55), CLIC-2 (22), CLIC-3 (43), CLIC-4/mtCLIC (8, 12, 15) , CLIC-5 (6), and parchorin (35) . All the members share extensive homology in their pore-forming portion but diverge in the N and C termini, and each displays a unique intracellular distribution. Intracellular localization signals at the N and C termini have been described for p64 (44) , but the sequence of mtCLIC fails to yield a definitive target signal (15) . p64H1, the rat homologue of mtCLIC in the endoplasmic reticulum, is reported to participate in chloride channel regulation when endoplasmic reticulum vesicles are incorporated into lipid bilayers (11) . Recombinant CLIC-1 forms chloride channels in artificial membranes (54) . Intracellular chloride channels can act in concert with the electrogenic proton pump, regulating the pH of organelles and influencing critical functions (8) . These data suggest a role for mtCLIC in mitochondrial electron transport, i.e., interaction with the proton pump to regulate pH and mitochondrial function, a role consistent with the lethal consequences of a substantial reduction of mtCLIC protein levels by antisense expression. A similar mechanism may underlie the induction of apoptosis by elevated mtCLIC levels. Vander Heiden and collaborators (56) have shown alterations in mitochondrial activity during apoptosis that lead to a defect in mitochondrial ADP-ATP exchange. In addition, changes in pH occur early during apo- ptosis and may play a role in driving the subsequent biochemical events (24) . Stabilization of mtCLIC may contribute to the apoptotic response. During etoposide-or adriamycin-induced apoptosis in keratinocytes, the level of mtCLIC protein increases while that of mtCLIC mRNA decreases, implying that mtCLIC protein is stabilized after DNA damage. Posttranslational modifications of mtCLIC may contribute to protein stabilization, subcellular distribution, and function. For example, phosphorylated Bad is sequestered in the cytosol by 14-3-3 proteins and, upon desphosphorylation, translocates to mitochondria to induce cell death (1) . For some members of the CLIC family, activity is regulated by phosphorylation. p64-associated chloride channel activity is enhanced by the coexpression of p59 fyn , a Src family tyrosine kinase (13) . CLIC-3 interacts with ERK-7, a mitogen-activated protein kinase (43) . mtCLIC has several consensus phosphorylation sites (15) , including those for protein kinases A and C, casein kinase 2, and tyrosine kinase. Two potential N myristoylation sites are also present. Furthermore, the diverse locations of CLIC family members in specific cell types (6) and their potential to translocate suggest that interactions with chaperone proteins, such as A kinase-anchoring proteins, could influence intracellular location and function (6, 16) . mtCLIC appears to be a direct transcriptional target for p53 and required for the induction of apoptosis by p53, since antisense mtCLIC prevents the upregulation of mtCLIC and blocks p53-induced apoptosis in p53 Tet-On Saos-2 cells. Several genes that are involved in the induction of apoptosis by p53 have now been described, and these are likely to lead to an understanding of the molecular mechanism involved in p53-induced apoptosis. It is likely that p53 utilizes a combination of transcription-dependent and independent mechanisms to efficiently induce apoptosis. The effector genes downstream of p53 may vary among cell types and stimuli. None of the genes by themselves can account for the full apoptotic response, and their products could be shared in pathways that are independent of p53. mtCLIC is now defined as an important effector of apoptosis with a known biochemical function involved in p53-dependent and independent pathways. 
